Perturbation of Disrupted-In-Schizophrenia-1 (DISC1) and D-serine/NMDA receptor hypofunction have both been implicated in the pathophysiology of schizophrenia and other psychiatric disorders. In the present study, we demonstrate that these two pathways intersect with behavioral consequences. DISC1 binds to and stabilizes serine racemase (SR), the enzyme that generates D-serine, an endogenous co-agonist of the NMDA receptor. Mutant DISC1 fails to bind to SR, facilitating ubiquitination and degradation of SR and a decrease in D-serine production. To elucidate DISC1--SR interactions in vivo, we generated a mouse model of selective and inducible expression of mutant DISC1 in astrocytes, the main source of D-serine in the brain. Expression of mutant DISC1 downregulates endogenous DISC1 and decreases protein but not mRNA levels of SR, resulting in diminished production of D-serine. In contrast, mutant DISC1 does not alter levels of ALDH1L1, connexins, GLT-1 or binding partners of DISC1 and SR, LIS1 or PICK1. Adult male and female mice with lifelong expression of mutant DISC1 exhibit behavioral abnormalities consistent with hypofunction of NMDA neurotransmission. Specifically, mutant mice display greater responses to an NMDA antagonist, MK-801, in open field and pre-pulse inhibition of the acoustic startle tests and are significantly more sensitive to the ameliorative effects of D-serine. These findings support a model wherein mutant DISC1 leads to SR degradation via dominant negative effects, resulting in D-serine deficiency that diminishes NMDA neurotransmission thus linking DISC1 and NMDA pathophysiological mechanisms in mental illness. 
INTRODUCTION
Substantial evidence supports a model of schizophrenic pathophysiology involving decreased neurotransmission at NMDAglutamate receptors. For instance, the psychotomimetic effects of drugs that block NMDA receptors, such as phencyclidine and MK-801, resemble schizophrenic behaviors observed in patients. 1, 2 The NMDA receptor is unique in that its activation requires stimulation by two agonists, one of which is glutamate, whereas the other was first thought to be glycine. Accumulating evidence indicates that the D-isomer of serine is a physiological agonist for the 'glycine' site of the receptor at many synapses and may well be the predominant endogenous ligand for this site in certain brain regions, including the cerebral cortex and hippocampus. 3--6 Thus D-amino acid oxidase (DAAO), which, at physiological pH, selectively degrades D-serine but not glycine, virtually abolishes NMDA neurotransmission. 3 Also, NMDA transmission and associated behaviors are altered in mice with deletion of serine racemase (SR), 7--10 the enzyme that generates D-serine from L-serine. 11, 12 One of the most striking features of D-serine is its major localization in astrocytes ensheathing synapses, especially in areas of the brain enriched in NMDA receptors. 13--15 Thus,
D-serine appears to be a novel neurotransmitter-like molecule, often referred to as a 'glio-transmitter. ' Clinical evidence for an association of D-serine with schizophrenia includes reports of diminished serum and cerebrospinal fluid levels of D-serine in schizophrenic patients, 16--18 polymorphisms of the SR gene in schizophrenia, 19 as well as polymorphisms of DAAO and its regulator G72 20 in the disease. In several controlled clinical trials, administration of D-serine or glycine alleviates schizophrenic symptoms, especially in conjunction with classic neuroleptics. 1,21--24 Many candidate genes have been linked to schizophrenia and other psychoses, 25, 26 but for most of these, definitive evidence for a specific alteration in the gene as pathogenic has been lacking. Porteus and co-workers 27, 28 discovered that disruption of two genes by a balanced chromosomal translocation (1;11) in a Scottish family, designated Disrupted-In-Schizophrenia-1 and -2 (DISC1 and DISC2) co-segregates with schizophrenia, major depression and bipolar disorder, providing compelling evidence for a specific association of DISC1 abnormalities and psychosis. Recently, DISC1 variants and polymorphisms have been consistently associated with major psychiatric disorders. 29 The Scottish chromosomal translocation was predicted to lead to truncated DISC1 protein. Although only the existence of transcripts was confirmed and expression of the truncated protein has not been conclusively demonstrated or refuted, multiple forms of truncated DISC1 proteins can perturb cellular functions. 29, 30 Animal models expressing truncated DISC1 display behavioral abnormalities reminiscent of aspects of schizophrenia and/or other neuropsychiatric disorders. 31--34 Both dominantnegative and haploinsufficiency mechanisms can similarly perturb DISC1-interacting protein complexes, resulting in loss of function of DISC1. 29 Thus, studying the effects of mutant DISC1 on brain and behavior may provide valuable mechanistic insights into the pathogenesis of psychiatric disorders.
Studies of DISC1 reveal a role in neurodevelopment, with most studies focused on neuronal functions. 29, 35, 36 Recent reports showing expression of DISC1 in glial cells, including astrocytes, support a role for DISC1 in astrocytic functions, 37--39 consistent with recent appreciation of glial dysfunction in the pathophysiology of psychiatric disease. 40--44 We have employed a mouse model of inducible expression of mutant DISC1 to downregulate the level of endogenous DISC1 selectively in astrocytes. We demonstrate physiological binding of DISC1 to SR. Disruption of this binding by mutant DISC1 leads to increased ubiquitination and degradation of SR in astrocytes. The decreased protein level of SR in astrocytes of DISC1 mutant mice results in diminished production of D-serine and behavioral abnormalities consistent with hypofunction of NMDA neurotransmission. These findings support a model in which disruption of DISC1--SR interaction elicits NMDA receptor hypofunction by depleting SR and D-serine.
MATERIALS AND METHODS Animals
Our mouse model of inducible expression of human mutant DISC1 (DC-hDISC1) is based on the Tet-off system (Supplementary Figure 1) as previously described. 45 In this study, expression of DC-hDISC1 was under the control of the GFAP promoter. 46 Mice were generated by mating GFAP--tTA mice (B6.Cg-Tg(GFAP--tTA)110Pop J À1 ; Jackson Lab, Bar Harbor, ME, USA) with single transgenic mutant DISC1 mice (lines 1302B and 70) as described previously. 45 All mice have been backcrossed to the C57BL/6j background for at least 12 generations. Both male and female mice were used in all experiments. Mouse pups were weaned on postnatal day 21, genotyped and housed in sex-matched groups of five in standard mouse cages on a 12-h light/dark cycle at a room temperature of 23 1C with free access to food and water in accordance with Johns Hopkins University Animal Care and Use Committee guidelines.
Behavioral tests
Behavioral tests were performed on mice aged 3--6 months old. The interval between different behavioral tests was at least 1 week. The tests were performed in the following order: open-field test, elevated-plus maze, Y maze, pre-pulse inhibition (PPI) of the acoustic startle response and drugchallenge tests. The behavioral protocols used were described in our previous publications. 45, 47 Drug-induced activity in the open field was assessed over a 90-min period using activity chambers with infrared beams (San Diego Instruments, San Diego, CA, USA) as previously described. 45 Animals were initially habituated to the chambers for 30 min followed by a single injection of saline that was followed by the administration of MK-801 or D-amphetamine intraperitoneally (i.p.) at a dose of 0.3 mg kg À1 , 2.5 mg kg
À1
, respectively. Total locomotor activity was automatically recorded and analyzed. In the case of D-serine treatment, the same protocol was used except that MK-801 administration was followed 5 min later by injection with D-serine at the dose of 2.7 g kg À1 (i.p.). Immediately afterward, mice were placed back in the activity chambers. Drug-induced impairment of PPI was evaluated using the same doses and routes of administration for MK801 and D-serine.
Cells and transfections
HEK-293, HT-22 cells and N2A cells were grown in a humid atmosphere of 5% CO 2 at 37 1C in DMEM supplemented with 10% FBS, L-glutamine (2 mM), penicillin (100 units ml À1 ) and streptomycin (100 mg ml
À1
). Primary astrocytes were grown in DMEM supplemented with 10% FBS, L-glutamine (2 mM), penicillin (100 units ml À1 ), streptomycin (100 mg ml
) and sodium pyruvate (1 mM). Primary astrocytes were prepared from mouse cortex as described. 45 The purity of the culture was assessed by immunofluorescence using GFAP as an astrocyte marker and 85--95% of the cells are GFAP positive. Dissociated cortical neurons were prepared from E18 mice as described. 48 HEK-293 cells were transfected with polyfect (Qiagen, Hilden, Germany) and HT-22 and N2A cells were transfected with lipofectamine (Invitrogen, Grand Island, NY, USA).
Western blotting
For western blot assays, mice were euthanized at embryonic day (E) 17, postnatal days (P) 0, 7 and 21, or as adults upon completion of behavioral tests to evaluate expression of mutant DC-hDISC1 protein. Brains were quickly removed and frontal cortex was isolated on ice-cold phosphatebuffered saline and frozen on dry ice and kept at À80 1C until used. These samples were assayed for expression of DC-hDISC1, endogenous mouse DISC1 and mouse SR. 45 Membranes were probed with anti-myc antibody (1:1000) to assess the expression of mutant hDISC1 tagged with myc, 45 two types of anti-mouse DISC1 antibodies for endogenous DISC1 (1:500), 45 anti-LIS1 antibody (1:1000) or anti-PICK1 (1:1000) overnight at 4 1C. Antibodies used were monoclonal to myc (Santa Cruz Biotechnology, Santa Cruz, CA, USA), monoclonal to LIS1 (Sigma, St Louis, MO, USA), rabbit polyclonal to PICK1 (Abcam, Cambridge, MA, USA) followed by corresponding peroxidase-conjugated goat anti-mouse (1:1000, Kierkegaard Perry Labs, Gaithersburg, MD, USA) or sheep anti-rabbit (1:2500, GE Healthcare, Waukesha, WI, USA) secondary antibodies. The optical density of protein bands on each digitized image was normalized to the optical density of the loading control (b-tubulin, 1:10 000, Cell signaling, Danvers, MA, USA). Densitometry was done using ImageJ software. Normalized values were used for analyses.
Reagents
L-serine, D-serine, MG-132, cycloheximide, MK-801 and D-amphetamine were purchased from Sigma. Monoclonal mouse SR antibody was from BD Biosciences (San Jose, CA, USA), which is highly specific for SR tested by immunofluorescence (Supplementary Figure 2) . In some western blotting analyses, SR antiserum immunized in rabbit raised against mouse SR was used, a generous gift from Dr Herman Wolosker from the Technion, Israel Institute of Technology. Both antibodies detected a single band of B38 kDa in the homogenates of brains from WT but not from SR knockout mice. Mouse monoclonal anti-GFAP antibody (GA5 Mouse mAb #3670) was from Cell Signaling; rabbit polyclonal anti-GFAP antibody (ab7779) was from Abcam; rabbit anti-mouse DISC1 antibodies were previously described. 30, 45 Protein-binding assays Immunoprecipitation was carried out 48 h after transfecting HEK-293, HT-22 or N2A cells with different constructs. The cells were harvested in lysis buffer (50 mM Tris Á HCl, pH 7.8, 150 mM NaCl, 1% Triton-X100, 1 mM EDTA, 1 mM PMSF, 10% glycerol and protease inhibitor tablet (Roche, Basel, Switzerland)). Alternatively, primary astrocytes were harvested in the lysis buffer and sonicated briefly three times to solubilize the proteins. After spinning down, HA or SR antibodies were added to the supernatant containing 500--700 mg of protein and incubated at 4 1C overnight. The next day, protein G beads (Sigma) were added to the mixture for 3 h at 4 1C and washed with washing buffer (lysis buffer with 300 mM NaCl) three times. Bound proteins were analyzed by western blotting with myc or SR antibodies.
In vitro binding assay was carried out by transfecting HEK-293 cells with HA-tagged DISC1 or DC-hDISC1. At 48 h after transfection, the cells were lysed and spun down. The supernatant was incubated with HA-affinity DISC1 in astrocytes TM Ma et al beads (Sigma) overnight. The beads were washed three times in the washing buffer the next day. Mouse cortices were homogenized in lysis buffer and the homogenate was centrifuged. The supernatant was mixed with HA-affinity beads preincubated with cell lysates overnight at 4 1C. The beads were washed with washing buffer three times before analyzed by western blotting using SR antibodies.
Immunohistochemistry of brain sections
The procedure was carried out as previously described 49 with minor modifications. In short, 6-week-old mice were deeply anesthetized with pentobarbital sodium (100 mg kg À1 body weight, i.p.), transcardially perfused with 0.1 M phosphate buffer (PB; pH 7.4) with heparin (10 000 U L À1 ), and then perfused with 4.0% paraformaldehyde in 0.1 M PB. The brains were dissected out and postfixed in 4.0% paraformaldehyde in 0.1 M PB for an additional 2--3 h at room temperature. After cryoprotection with 30% sucrose in 0.1 M PB for 48 h, the brains were mounted on a freezing microtome and cut into 30-mm-thick sections. Some sections were stained with cresyl violet to evaluate histopathology of the brain in mutant mice. Adjacent sections were used for immunostaining. For immunofluorescence, after blocking for 1 h at room temperature, the sections were incubated with primary antibodies (mouse monoclonal anti-SR, 1:100; rabbit anti-GFAP 1:1000; mouse anti-GFAP, 1:500 and rabbit anti-DISC1 (mExon3 Ab), 1:400) overnight at 4 1C. The sections were then incubated with Alexa 488-, 568-labeled species-specific secondary antibodies (Invitrogen, Carlsbad, CA, USA) diluted at 1:600 for 1 h at room temperature. Images were taken with a Zeiss LSM 510 (Goettingen, Germany) confocal laser scanning microscope at the Johns Hopkins University Neuroscience Multiphoton/Electrophysiology Core Facility.
Immunocytochemistry of primary astrocytes
Primary astrocytes were prepared as previously described. 45 Primary astrocytes were passed once and allowed to grow until confluency. Astrocytes were then collected for western blotting experiments or fixed in cold methanol and stained with rabbit anti-GFAP antibody (1:500), anti-SR antibody, anti-endogenous DISC1 antibody or anti-myc MAB (1:400) followed by either FITC-conjugated or Cy3-conjugated secondary antibodies (1:200, Chemicon, Temecula, CA, USA). Images were taken using a confocal microscope.
D-serine production from cells
To measure the production of D-serine from HEK-293 cells, 24 h after transfection, the cell culture media was replaced with fresh media containing 10 mM L-serine. After 24 h, the media was harvested, spun down at 16 000 g for 10 min and the supernatant stored at À80 1C. To measure the production of D-serine from primary astrocytes, L-serine was added to the cell culture media to a final concentration of 4 mM and the cells were allowed to grow for another 48 h. The level of D-serine was measured with a spectrophotometric assay previously described. 50 To determine the specific activity of SR, D-serine level in the media was normalized by SR optical density, which was obtained from western blotting analysis of the cell lysates. HPLC measurement for D-serine, as previously described, 51 was also employed in addition to the spectrophotometric assay to confirm the results.
SR activity assay
Primary astrocytes lysates were spun down at 14 000 g for 20 min and the supernatant concentrated with endogenous amino acids removed by passing through Amicon Ultra-4 3 kDa Centrifugal Filter Units (Millipore, Billerica, MA, USA) two times. The lysates were then incubated with reaction buffer containing 10 mM L-serine as previously described. 52 The resulting D-serine production was measured using the spectrophotometric assay described above. D-serine levels were normalized by SR optical density in the lysates to yield specific activity of SR in the lysates.
D-serine measurement in mouse brain
High-performance liquid chromatography (HPLC) was used to detect endogenous levels of L-serine, D-serine and glycine in the mouse brain as described. 51 
Statistical analyses
Results are expressed as mean ± s.e.m. throughout. The effects of mutant DISC1 on expression of various protein markers in the western blotting experiments were analyzed with Student's t-test or Wilcoxon nonparametric test, if normal distribution test failed, and the Bonferroni correction made by adjusting the a level depending on the number of markers measured. The effects of mutant DISC1 on mouse behaviors were evaluated in male and female mice separately with a mixed model of analysis of variance (ANOVA), with the genetic background, treatment, sex and time of testing (if applicable) as independent variables. Significant effects were explored further with lower levels ANOVAs and/or post hoc comparisons. Po0.05 was used for the significance level.
RESULTS

DISC1 binds to SR
We first explored binding of DISC1 to SR utilizing overexpressed proteins in HEK-293 cells (Figure 1a ). Wild-type mouse and human DISC1 bind robustly to mouse and human SR, respectively. A pathogenic mutant form of human DISC1 (a C-terminus truncated protein, DC-hDISC1) displays substantially reduced binding to human SR, with binding to mSR virtually abolished. We also examined binding of these proteins in HT-22, a mouse hippocampal neuronal cell line, and observe similar results (Figure 1b) . We observe coprecipitation of endogenous DISC1 and SR from mouse primary astrocyte cultures, indicating that these two proteins interact physiologically (Figure 1c ). The observed binding seems to be direct, as mSR in brain lysates binds to both human and mouse DISC1 purified from HEK-293 cells (Figure 1d ).
Substantial evidence indicates that mutant DISC1 exerts its pathogenic actions in a dominant-negative manner, binding to wild-type DISC1 and disrupting its function. 30--32,34,45,53 Accordingly, we examined the influences of mutant DISC1 on the binding of wild-type DISC1 to SR. Overexpression of mutant DISC1 in HEK-293 cells reduces the binding of wild-type DISC1 to SR (Supplementary Figure 3) .
Utilizing subcellular fractionation, we evaluated localizations of DISC1 and SR in different subcellular compartments in primary astrocytes. Consistent with prior reports on localizations of DISC1 and SR in astrocytes, 11, 37, 54 we observed both nuclear and cytosolic localizations for DISC1 and exclusive cytosolic localizations for SR. (Figure 1e ). Neither DISC1 nor SR is detected in the membrane or cytoskeletal fractions. Immunofluorescent staining in primary astrocytes also reveals colocalization for the cytosolic pool of DISC1 and SR (Figure 1f ).
Mutant DISC1 depletes SR and D-serine DISC1 is thought to function primarily as a scaffold, regulating the disposition of other proteins. 29, 55 If DISC1 serves as a scaffold for SR, then expression of mutant DISC1, which binds to SR with much lower affinity, might affect SR. In three cell lines, that is, HEK-293 cells, HT-22 cells and N2A cells, a mouse neuroblastoma cell line, we monitored the effects of mutant DISC1 on levels of SR (Figure 2a ). In comparison with wild-type DISC1, mutant DISC1 substantially lowers the levels of SR protein in all three cell lines (Figures 2a--c) . Mutant DISC1, even when co-expressed with wildtype DISC1, also depletes SR in a dose-dependent manner, consistent with a dominant-negative action (Supplementary Figure 4) .
To ascertain whether the depletion of SR by mutant DISC1 affects the generation of D-serine, we incubated the same cell lines with L-serine and monitored the formation of D-serine (Figure 2d ).
Both for mouse and human SR, overexpression of mutant DISC1 is associated with a 40% decline in D-serine levels. The extent of diminished production of D-serine is comparable to that of decreased protein levels of SR in these samples, implying that the intrinsic catalytic activity of SR enzyme protein is not altered by mutant DISC1.
Transgenic expression of mutant DISC1 in astrocytes depletes SR and D-serine D-serine has been predominantly found in astrocytes, 13--15,54 and recent studies have demonstrated astrocytic expression of DISC1. 37, 38, 56 To study DISC1--SR interactions in vivo, we first confirmed co-expression of DISC1 and SR in astrocytes in the mouse brain (Figure 3a) . We generated transgenic mice that express mutant DISC1 under the control of the GFAP promoter using a tet-off inducible system as previously described (Supplementary Figure 1) . Consistent with the reported activity of the GFAP promoter and the main features of the tet-off system, 46 we detected the expression of mutant DISC1 in the brains of double-but not single-transgenic mice (Supplementary Figure 5a) , in astrocytes but not in neurons (Figure 3b ) with expression of mutant DISC1 regulated by administration of doxycycline (Supplementary Figure 5b) . We also confirmed the expression of mutant DISC1 in astrocytes in the brain (Figure 3c ) and colocalization of mutant DISC1 and endogenous mouse DISC1 in primary astrocytes (Supplementary Figure 5c) . Mutant DISC1 expression in mouse brain peaks at around E18 followed by a decline during the postnatal period (Figure 3d ), in agreement with the developmental time course of endogenous DISC1. 57 This developmental pattern supports the use of new-born mice for the culture of primary astrocytes. Furthermore, using a reporter mouse line (B6; SJL-Tg (tetop-lacZ) 2 Mam J À1 , Jackson Lab, catalog # 002621), we find that mutant DISC1 is widely expressed in the brain, with higher levels of expression detected in the cortex, hippocampus and hindbrain (Supplementary Figure 5d) , similar to the spatial expression pattern of endogenous DISC1. 57 In addition, endogenous DISC1 and SR coprecipitate in primary astrocytes, which confirms the physiological binding of the two. This coprecipitation is diminished in primary astrocytes derived from mutant DISC1 mice (Supplementary Figure 6) .
The destabilization of DISC1--SR binding by mutant DISC1 might be anticipated to elicit SR depletion. We measured the levels of SR, endogenous DISC1, aldehyde dehydrogenase-1L1 (ALDH1L1), a reliable astrocytic marker, 58 LIS1, a DISC1 interacting partner,
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PICK1, a SR interacting partner 59 and connexins-43 and GLT-1 as additional astrocytic markers in primary astrocytes as well as in the mouse forebrain (Figures 3e and f) . In both preparations, we observed a significant decrease in protein levels of SR and endogenous DISC1 in mutant samples. By contrast, there are no significant alterations in expression of ALDH1L1, LIS1, PICK1, connexins-43 or GLT-1 in primary astrocytes or forebrain samples Figure 7 and data not shown). SR levels are also diminished in another transgenic mutant DISC1 mouse line (that is, line 70 as described previously 45 ), arguing against putative nonspecific insertion effects of the transgene. Moreover, no significant changes in SR level occur in primary neurons derived from mouse embryos with selective neuronal expression of mutant DISC1 (Supplementary Figure 8) .
The decreased protein level of SR in the primary astrocytes of DISC1 mutant mice is associated with a substantial (B45%) decrease in generation of D-serine from L-serine (Figure 3g ). We detect a modest (B20%) but significant decrease in forebrain levels of D-serine in mutant newborn mice, with no significant alteration in forebrain samples collected at P7 and P90 and a small but significant increase at P21 (Figure 3h ). In contrast, no significant difference in the level of L-serine and glycine, another co-agonist of the NMDA receptor, was detected (Supplementary Figure 9) . To ascertain whether attenuated catalytic activity of SR protein contributes to the decreased production of D-serine in mutant astrocytes, we assayed SR activity in vitro by quantifying D-serine formation per unit of SR protein (Supplementary Figure 10) . We detect no alteration in SR activity per unit of SR protein.
Mutant DISC1 increases the turnover of SR by enhancing its ubiquitination We explored mechanisms whereby mutant DISC1 affects the levels of SR. Mutant DISC1 does not appear to affect transcription of SR, as mRNA levels of SR in primary mutant astrocytes are unaltered (Figure 3i ). To assess a potential influence of DISC1 upon the stability of SR, we monitored the rate of decline of SR in HEK-293 cells treated with cycloheximide (Figure 4a ). SR levels decline much more rapidly in the presence of mutant than wild-type DISC1. Thus, 24 h after treatment, SR protein levels decline by 50% in cells transfected with mutant DISC1 compared with a 15% decrease in SR levels in cells that express wild-type DISC1.
Wolosker and co-workers 60 have reported that SR is physiologically ubiquitinated. We evaluated the ubiquitination of human and mSR in HEK-293 cells (Figures 4b and c) . Overexpression of wild-type DISC1 diminishes SR ubiquitination, consistent with the notion that DISC1 acts as a scaffold to stabilize SR. By contrast, overexpression of mutant DISC1 elicits almost a doubling of SR ubiquitination compared with wild-type DISC1 (Figures 4d and e) . This increase in ubiquitination of SR is associated with a 40% decline in levels of SR protein, indicating that the ubiquitination leads to SR degradation. Similar results are observed for mouse and human preparations of SR (Figures 4d and e) .
If mutant-DISC1-induced degradation of SR is mediated by the proteasomal system, proteasomal inhibition ought to increase SR levels. Treatment with the proteasomal inhibitor MG-132 completely restores the low level of SR in primary astrocytes from mutant mice to a level comparable with the wild-type mice (Figure 4f ). We also examined several validated DISC1-interacting partners, including NUDEL, CREB2, GSK3b, Kal7, LIS1 and PDE4b. Among those, NUDEL and CREB2 are degraded through the ubiquitin/proteasome pathway, but their degradation is not differentially affected by wild-type or mutant DISC1 expression (Supplementary Figure 11) .
Enhanced behavioral response to NMDA antagonism in mutant DISC1 mice is rescued by D-serine Our biochemical studies established that mutant DISC1 destabilizes and depletes SR, leading to decreased levels of D-serine. , i.p.), which is commonly used to probe behavioral consequences of NMDA receptor dysfunction. 61 MK-801 elicits substantially greater locomotor stimulation in male and female mutant mice compared with control mice (Figures 5a and b) . Repeated measures ANOVA reveals a significant group effect for male mice, F(1, 479) ¼ 5.9, Po0.05; and female mice, F(1, 429) ¼ 5.3, Po0.05. We also evaluated the influence of D-serine on MK-801-induced hyperactivity in mice. Our pilot experiments had shown that a high dose of D-serine (that is, 2.7 g kg À1 , i.p. 24,62--64 ) is needed to decrease MK-801-induced hyperactivity in mice. D-serine reduces the hyperactivity of mutants much more than wild-type animals (Figures 5a   and b) . Specifically, in male mice, D-serine does not alter hyperactivity in control mice but diminishes locomotor activity of mutant mice by 70--80%. ANOVA for the treatment data in male mice shows a significant time Â group Â treatment interaction, F(23, 911) ¼ 1.6, P ¼ 0.041. A lower level ANOVA for the treatment data demonstrates a significant effect of treatment with D-serine in the mutant group, F(1, 311) ¼ 53.5, Po0.001 but not the control one, F ¼ 1.3, P ¼ 0.3. In female mice, D-serine treatment reduces locomotor activity in both control and mutant mice but to a greater extent in mutant mice. ANOVA for the treatment data reveals a significant effect of treatment for control female mice, (Figures 5a and b) .
We also assessed the effects of MK-801 in a rodent test for sensorimotor gating, PPI of the acoustic startle response. We find no baseline differences between two groups in PPI for either male or female mice (Figures 5c and d) . As expected, administration of MK-801 (0.3 mg kg À1 , i.p.) disrupts PPI in both groups of animals. Three-way ANOVA of the PPI data for male mice shows a significant effect of MK-801 treatment, F(1, 313) ¼ 160.2, Po0.01 and the group by treatment interaction, F(1, 313) ¼ 4.3, P ¼ 0.04. A greater decrease in PPI is observed in mutant male mice at the intensities of prepulses of 4 dB (a strong trend to group effect---F(1, 61) ¼ 2.92, P ¼ 0.09) and 8 dB (a significant group by prepulse interaction---F(1, 61) ¼ 4.23, P ¼ 0.044) (Figure 5c ). Three-way ANOVA for female mice detects a significant and comparable effect of MK-801 treatment on PPI between two groups, F(1, 249) ¼ 100.9, Po0.01. We also evaluated the effects of D-serine on MK-801-induced impairment of PPI (Figure 5d ). D-serine administration (2.7 g kg À1 , i.p.) increases MK-801-reduced PPI in both groups of male mice, with only mutant mice showing a significant treatment by PPI-type interaction, F(4, 124) ¼ 2.46, P ¼ 0.05, and a stronger response to D-serine at the 4-dB prepulse (Po0.05). D-serine treatment of female mice leads to a moderate increase in MK-801-diminished PPI (Figure 5d ). The observed behavioral alterations are not attributed to alterations of NMDA receptor proteins, as levels of NR1, NR2A and NR2B are not altered in cortex of the mutant mice (data not shown).
In contrast to MK-801 treatment, amphetamine, which is used to probe dopaminergic synaptic neurotransmission, 65 produces a comparable increase in locomotor activity in control and mutant mice of both sexes (Supplementary Figure 12a) . ANOVAs of the treatment data show a significant effect of time for male mice, F(23, 640) ¼ 29.7, Po0.001, and female mice, F(23, 476) ¼ 9.4, Po0.001. We find no significant differences between mutant and control groups in anxiety in elevated-plus maze, spontaneous alternations or spatial recognition memory assessed in Y maze (Supplementary Figures 12b--d) . In addition, we observe no gross effects of mutant DISC1 on the cytoarchitectonics and layering of the hippocampus or cerebellum in mice (Supplementary Figure 13) . 
DISCUSSION
The present study reveals a role for DISC1 in astrocytes involving interactions between DISC1 and SR. DISC1 binds physiologically to SR and appears to stabilize it. In vitro and in vivo expression of mutant human DISC1 in astrocytes prevents the binding of wild-type DISC1 to SR in a dominant-negative manner, leading to decreased levels of SR and diminished production of D-serine. These molecular alterations are associated with behavioral consequences reflecting decreased NMDA neurotransmission. In the past, DISC1 was thought to be primarily localized to neurons. Recent studies have revealed that DISC1 is also expressed in glial cells, including astrocytes. 37, 38, 56 To evaluate a link of DISC1 to D-serine, which is localized to astrocytes, we generated transgenic mice that express mutant DISC1 selectively in astrocytes. Functional relationships of DISC1 and SR in astrocytes are indicated by the depletion of astrocytic SR associated with expression of mutant DISC1.
Our finding that concurrent depletion of D-serine in the brain of newborn pups and SR in astrocytic preparations from mutant DISC1 mice establishes that astrocytic SR gives rise to a large proportion of D-serine in the brain. The relative roles of neurons or astrocytes in generating D-serine has been unclear, as D-serine is largely astrocytic, 13--15,54 although recent studies reveal that SR is largely neuronal. 49, 54, 66 The rate-limiting enzyme in the genesis of L-serine is 3-phosphoglycerate dehydrogenase (PHGDH), which is highly concentrated in astrocytes with negligible levels in neurons. 67 Wolosker 68 suggested that L-serine generated in astrocytes by PHGDH enters neurons where it is converted to D-serine and is then accumulated into astrocytes by a D-serine transporter alanine-serine-cysteine transporter (ASCT). Alternatively, even if glial levels of SR are lower than those of neurons, the higher levels of the substrate L-serine in astrocytes would enable astrocytic SR to be the primary source of astrocytic D-serine. In support of this latter notion, D-serine levels in the brain are depleted in mice with targeted deletion of PHGDH. 69 Oliet and co-workers 5 demonstrated that in the hypothalamic supraoptic nucleus, the degree of astrocytic coverage of neurons determines the level of glycine site occupancy on the NMDA receptor by D-serine. Another study established that long-term potentiation is determined by the release of D-serine from astrocytes. 70 Thus in studies of D-serine function, astrocytes have appeared to be dominant. Several protein-binding partners of SR---protein interacting with C-kinase 1 (PICK1), glutamate receptor-interacting protein (GRIP) and Golga3, 59, 60, 71, 72 all bind to SR in glia and exert their regulatory functions through glia. In the present study, we demonstrated that 50% depletion of astrocytic SR could lead to a 20% decrease in the forebrain D-serine level, implying that at least about 40% of the D-serine in the forebrain is produced by astrocytes.
Our findings indicate that full-length DISC1 binds to SR and stabilizes it, probably by decreasing the ubiquitination of SR (Figures 4b--e) . Expression of mutant DISC1 led to increased ubiquitination and degradation of SR. Exact mechanisms whereby mutant DISC1 facilitates SR ubiquitination are unclear. Conceivably, mutant DISC1 binds to full-length DISC1 and leads to decreased expression of full-length protein in a dominantnegative manner. Indeed, previous studies have shown that mutant DISC1 binds to full-length DISC1 with high affinity and depletes it. 30, 45, 53 Our data demonstrate reduced expression of endogenous DISC1 in primary astrocytes from mutant mice (Figures 3e and f) . As a result, degradation of full-length DISC1 results in its diminished binding to SR and attenuated stabilization of the enzyme.
Interestingly, the effect of mutant DISC1 on SR appears to be astrocyte-specific. We examined SR protein level in the primary cortical neurons prepared from mouse embryos with selective neuronal expression of mutant DISC1, 45 and failed to detect any changes in SR levels (Supplementary Figure 8) . Thus, although DISC1 and SR occur both in glia and neurons, evidence for their functional interaction is greater in glia, although a neuronal role might also be important. Another intriguing observation is that D-serine levels in the mutant mouse brain are only altered at a very early stage (P0), but not later in development (P7 and P21, Figure 4h ). This could imply that astrocytic SR is more important in generating D-serine in early development, whereas neuronal SR may play a greater role in adulthood. Studies that identified neuronal localizations of SR employed older animals, 49, 54 whereas the present data were generated using primary astrocytes derived from newborn mice. This implies that astrocytic SR impacts D-serine metabolism most prominently at early developmental stages. Such a notion is supported by studies of PICK1 knockout mice. PICK1 binds and activates SR in glia. 59, 71 A 30%-decrease of D-serine level was observed only at P7 in PICK1 KO mice whereas unaltered levels were found in 8-week-old mice. 71 A developmental effect of mutant DISC1 on SR and D-serine production would also be consistent with the established role of DISC1 in neurodevelopment. 29, 55 DISC1 expression peaks at around E13.5, decreases postnatally and is maintained at a low level until P35, gradually increasing thereafter. 57 This is consistent with the time course of mutant DISC1 expression in our mouse model (Figure 3d ). Accordingly, interactions of DISC1 and SR in astrocytes might predominate in early development. Interestingly, there is an apparent compensation of D-serine levels in the mutant mouse with time, especially from P7 to early adulthood. At P0, forebrain D-serine levels of mutant mice were decreased; at P7 they were the same as controls, whereas there was a modest increase at P21 in both the cortex and hippocampus (Figure 3h and data not shown). This suggests that astrocytic depletion of SR leads to D-serine depletion in newborns. Neuronal SR could then compensate so that in adult mice total brain D-serine levels are not reduced in mutant mice. However, the D-serine compensation by neuronal SR was apparently insufficient to alleviate the neurobehavioral abnormalities observed in adult mice. Presumably, because of its different disposition, this neuronal D-serine is less effective than glial D-serine in activating NMDA receptors. The depletion of SR and D-serine was associated with behavioral alterations in DISC1 mutant mice. Mutant mice displayed much stronger locomotor activity and greater disruption of PPI in response to an NMDA antagonist, MK-801. The enhanced pharmacological effects in transgenic mice may indicate supersensitivity of NMDA receptors, reminiscent of NMDA transmission alterations in patients. 73--75 The supersensitivity to NMDA-related agents appeared to be selective, as mutant mice did not display altered responses to amphetamine, which has a more direct effect on dopaminergic neurotransmission.
Many models for the pathophysiology of mental illnesses, including schizophrenia, involve aberrant disposition of neurotransmitters. A wide array of drugs that are beneficial in psychiatric illness act via one or another neurotransmitter. DISC1 has been implicated in a number of processes that are involved in neurodevelopment. 29, 55 These studies have largely addressed neuronal DISC1 influencing intracellular organelles and signaling pathways. As the involved organelles and pathways are also present in astrocytes as in neurons, DISC1 may exert physiological influences in astrocytes. Presumably, in normal organisms, DISC1 also functions to stabilize SR, maintaining a normal level of D-serine in intact brains. To the best of our knowledge, the present findings are the first to identify interactions of DISC1 with a neurotransmitter-generating enzyme. Moreover, this study is the first to explore the function of DISC1 in glia relevant to the pathophysiology of schizophrenia, adding to a growing appreciation of roles for astrocytes in psychiatric diseases. 41--44 Our results may have therapeutic consequences. Several studies have demonstrated therapeutic effects of D-serine administration to schizophrenics. 1,21--24 Our data imply that DISC1 stabilizes SR and facilitates the formation of D-serine. Enhancing stability of the DISC1--SR complex should be beneficial in patients with DISC1 variants. Given the diverse abnormalities in D-serine metabolism reported in schizophrenics, stabilization of the DISC1--SR complex may be relevant to a much broader population of psychotic patients than just those with DISC1 mutations.
In conclusion, the present study demonstrates physiologic binding of DISC1 to SR and disruption of this binding by mutant DISC1, resulting in increased ubiquitination and degradation of SR in astrocytes. Mutant DISC1-induced decreased levels of SR in astrocytes give rise to attenuated production of D-serine and behavioral abnormalities consistent with hypofunction of NMDA neurotransmission. As abnormalities in DISC1 and NMDA transmission are prominently associated with psychosis, our findings linking these two themes may facilitate conceptualization of aberrations underlying schizophrenic behavior.
